Abstract. Carbonation and chloride ingress are considered to be the most severe mechanisms for steel corrosion in reinforced concrete structures. Here, the service life is traditionally divided into two main phases; the initial and the propagation ones. The initial phase was explored recently and the results show high influence of cracks on accelerating of carbonation and chloride ingress in concrete structures. Our model focuses now on the propagation period and predicts xcorr for radial corrosion depth, including cracking and spalling of concrete cover. The presented models were implemented in ATENA software and demonstrate their application on a prestressed box-girder bridge. The simulation shows reinforcement corrosion due to carbonation and chloride ingress, and its impact on a bridge behavior during ULS analysis.

INTRODUCTION
Reinforcement corrosion due to carbonation and chloride ingress are the most damaging mechanisms in reinforced concrete structures. The service life tl of reinforced concrete structures is generally divided into two time phases; the initiation (induction) period ti and the propagation period tp. The initiation period for damaging mechanisms was described and validated in the previous paper [1] and preliminary results show strong influence of cracks to transport properties and acceleration of damaging mechanisms. For traditional cement-based materials, cracks 0.3 mm decrease induction time approximately 6 times for carbonation and approximately 9 times for chloride ingress of sea water. Preventing macrocracks and designing proper concrete is essential for durable concrete [1] .
Our model focuses on the propagation period tp where corrosion of reinforcing steel takes place. During this period, reinforcement decreases and accompanied with growing corrosion products. Corrosion of reinforcement is described according to the general diagram in Figure 1 . A uniform corrosion (the most widespread form of corrosion) is characteristic for carbonation and a pitting corrosion (creation of small pits) for chlorides [2] . The cracking of concrete cover during propagation period tp,cr corresponds to the depth of corrosion xcorr,cr and spalling of concrete cover tp,sp corresponds to the depth of penetration xcorr,sp [3] .
MODELS FOR PROPAGATION PHASE
Carbonation during propagation phase
The corrosion rate for the carbonation depends on the corrosion current density icorr [µA/cm 2 ], which ranges between 0.1-10 (passive corrosion-high corrosion) and depends on the quality and the relative humidity of the concrete [5] . This model predicts amount of corroded steel during the whole propagation period tp. The corrosion rate is based on Faraday's law [4] , determined as follows: [3] where corr x ɺ is the average corrosion rate in the radial direction [ 
where xcorr is the total amount of corroded steel in radial direction [mm] and Rcorr is parameter, depends on the type of corrosion [-] . For uniform corrosion (carbonation) Rcorr = 1, for pitting corrosion (chlorides) Rcorr = <2; 4> according to [9] or Rcorr = <4; 5.5> according to [10] . Effective bar diameter for both types of corrosion is obtained from:
, ψ is uncertainty factor of the model [-] , mean value ψ = 1 and xcorr is the total amount of corroded steel according to (2).
Chloride ingress during propagation phase
The corrosion rate for chlorides is more complicated because it is affected by concentration of chlorides in the concrete. Calculation of corrosion current density was formulated by Liu and Weyer's model [6] : 
where icorr is corrosion current density [µA/cm 2 ], Ct is total chloride content [kg/m 3 of concrete] on reinforcement which is determined from 1D nonstationary transport, T is temperature at the depth of reinforcement [K] and Rc is ohmic resistance of the cover concrete [Ω] [7] and t is time after initiation [years]:
The average corrosion rate in radial direction is determined further when plugging (6), (7) to (1) . The total amount of corroded steel in radial direction stems from (2) and the effective bar diameter from (3).
Cracking of concrete cover
Cracking of concrete cover for both carbonation and chlorides can be estimated from DuraCrete model which provides realistic results [3] . The critical penetration depth of corroded steel xcorr,cr is formulated as: 
Spalling of concrete cover
The critical penetration depth of corroded steel xcorr,sp for both carbonation and chlorides is calculated from [3] 
where parameter b depends on the position of the bar (for top reinforcement 8.6 µm/µm and bottom 10.4 µm/ µm), w d is critical crack width for spalling (characteristic value 1 mm), w0 is width of initial crack (known from previous ATENA computation) and xcorr,cr depth of corroded steel at the time of cracking [m] .
After spalling of concrete cover, corrosion of reinforcement takes place in direct contact with the environment. To determine the rate of corrosion of reinforcement after spalling, Table 1 gives rates of reinforcement corrosion [8] . 
ANALYSIS OF A PRESTRESSED CONCRETE BRIDGE
The present model can be used for a wide range of structures from civil engineering. This is documented on an assessment of a prestressed box-girder concrete bridge of Mr. Pavel Wonka over the river Elbe in Pardubice, Czech Republic. It is beyond the scope of this paper to present detailed results from this analysis and hence, only the most important global results and results related to the presented durability analysis of the bridge are given. More details are available in [12] , including material parameters, description of the bridge geometry and prestressing tendons etc.
The bridge was designed and erected between 1956 and 1959. The structure is depicted in Figure 2 . The bridge consists of three arches, having spans 50 + 70 + 50 m. Average depth of cross sections is up to 3.5 m. The structure was analyzed by program ATENA with implemented durability models [11] . The bridge is modeled by 4512 layered shell elements. The structure near supports and some other details are modeled by hexahedral and wedge solid elements. The pre-stressed tendons are realized by 3022 external cable truss elements, while the conventional reinforcement is introduced by embedded reinforcement within shell elements. A special material model for concrete and tendons has been employed with more details in [12] .
The analysis of the bridge consists of three parts. The first analysis replicates in-situ load tests and measurements. The bridge was loaded by its self-weight and by tens of loaded trucks simulating a traffic load. It was used to calibrate the model of the bridge.
In the second part, numerical model was used to investigate service load state (SLS) and ultimate load state (ULS) of the bridge. Applied steps of the analysis and the associated loads were as follows:
1. Self-weight of the load-bearing structure and pre-stressing, (steps 1. Figure 3 and Figure 4 . Deformation of the bridge near its failure is shown further in Figure 5 . It occurred at about 130% of the design load of the bridge, (i.e. steps 1...27 during loads 1-4). Load displacement diagram of the ULS analysis for centre of the central arch of the bridge is shown in Figure 6 , including prestress transfer. The third part of the analysis is devoted for durability study. According to direct concrete testing in 2003, concrete of the box-girder was classified as C35/45. An estimated composition yields CEM 42.5 350 kg/m 3 and water content 175 kg/m 3 . Concrete box-girder was loaded on its surface by carbonation and chlorides as described below. This analysis restarted from the step 27, (i.e. from the level of design load) and carbonation and chlorides load was applied for another 150 years simultaneously. The chlorides and carbonation loads used the following parameters:
• Carbonation: Cp = 350 kg/m 3 , SCM = 0, W = 175 kg/m 3 , CO2 = 0.00036, RH = 0.60. Progressive period a1 = 7.44e-5 m, a2 = 7.30e-6 m, a3 = -1.74e-5 m/MPa, ft,ch = 3.5 MPa, dini = 0.001 m, pitting corrosion Rcorr =1, corrosion rate after spalling 30 µm/year.
• Chlorides: Dref = 1.19e-7 m 2 /day (mean value would be Dref = 7.72e-13•86400 = 6.67e-08 m 2 /day), tDref = 3650 days, mcoeff = 0.37, tmcoeff = 10950 days, Cs = 0.103, Clcrit = 0.0185. Progressive period a1 = 7.44e-5 m, a2 = 7.30e-6 m, a3 = -1.74e-5 m/MPa, ft,ch = 3.5 MPa, wd = 0.001 m, pitting corrosion Rcorr = 3, corrosion rate after spalling 30 µm/year.
Chloride ingress assumed concentration of sea water on the surface; this resembles situation when salt brine water had leaked through insulation and the Cl concentration rose up substantially. According to Duracrete [3] , spray zone from de-icing salts identified a slightly lower concentration Cs = 0.0776. Also, 90% confidence was considered for diffusivity Dref, which is about twice higher than the mean value for this concrete strength class. Figure 7 brings plot of maximum vertical displacement of the bridge vs. age of the structure. Note that the significant increase of the deflection at later times is due to tendons corrosion only as creep is neglected in computation and the force load is kept constant. Max. vertical deflection Figure 7 Maximum deflection of the bridge due to tendons corrosion Figure 8 shows that carbonation depth is 58 mm for 150 years on uncracked concrete. Induction period for chlorides is much shorter, approximately 15 years with uncracked concrete cover 55 mm.
As far as steel corrosion is concerned, Figure 9 depicts calculated reduction coefficient for a pre-stressing tendon with concrete cover 55 mm. Reduction coefficient 1 means no corrosion, while value 0 signalizes total loss. For the first 12 years, the reinforcement does not corrode at all. Corrosion due to chlorides starts at 12 years. Corrosion due to carbonation begins after 110 years. At the age of 100 years about 60% of the reinforcement has corroded and at 150 years there is only about 35% of the original reinforcement. As expected, the effect of chlorides is much more devastating than that of carbonation. This is also documented by Fig-ure 10 , which shows total reinforcement reduction factor for the pre-stressing tendons at age of 150 years. 
CONCLUSIONS
The implemented durability model for reinforcement corrosion due to carbonation and chloride ingress focused on the propagation period where corrosion of reinforcement and spalling take place.
• The presented models provide induction time and reduction of tendons during the propagation period. The collapse of the bridge can be predicted when combined with ULS analysis.
• Results for a prestressed box-girder bridge indicate that tendon corrosion would start at 12 years if high external chloride concentration is assumed. At 100 years, about 60% of tendons' cross section remains and at 150 years this drops to only 30%.
• Durability analysis could be an integral part of bridge assessment, using slightly extended model. It allows prediction of negative effects of external environmental conditions on the structure and exploring deterioration.
